Background: Doping in sports has become a serious problem. Gas chromatography-mass spectrometry (GC-MS) serves as an effective reference method, but it is limited by low throughput and is therefore not suitable for large-scale screening. Use of protein chips for highthroughput screening of all athletes for prohibited substances could become an important complementary tool to GC-MS. Methods: We developed a protein chip based on an aldehyde-activated glass slide containing 10 physically isolated arrays. The chip was used to screen urine from 1347 athletes for prohibited substances and to screen a negative control group consisting of 200 females and 120 males. Urine samples from 66 individuals known to be abusers, provided by the China Doping Control Center (CDCC), and 129 standard prohibited substances were tested as positive controls. Results: All 1347 urine samples screened by means of the protein chips were also subjected to reference analysis by GC-MS at the CDCC. There was no qualitative difference between the results obtained with the two methods. The correlation coefficient (r 2 ) for the quantitative results obtained with the protein chip and GC-MS was 0.991.
Drug Monitoring and Toxicology
Because of the vast differences in the physical and chemical characteristics of the prohibited substances, it remains a challenge to find a general method that can detect them all in a single assay.
A combination of gas chromatography (GC) and mass spectrometry (MS) is still the most reliable drug testing method and has been used since the 1972 Olympic Games (11, 12 ) . This method can detect and differentiate minute amounts of analytes. However, its usage as a screening tool is limited because of the cost of the instrument and the lengthy procedures required for sample preparation. The use of this method is further restricted by the limited differential power of the molecular weights of analytes. As a result, the GC-MS method is reserved as a reference tool for low-molecular-weight drugs that may be abused by winners of sporting events (13 ) .
Biochip technology is one of the fastest growing fields in the analytical sciences (14, 15 ) . It is becoming a method of choice for simultaneous and high-throughput measurement of multiple analytes by use of nonporous and porous solid supports combined with fluorescence-based detection (16, 17 ) . Biochip immunoassays promise to revolutionize both clinical diagnosis (18 ) and drug testing (19 ) in situations where there is a need to simultaneously detect multiple analytes. We have developed a novel protein chip system based on a competitive immunoassay design for the simultaneous detection of up to 16 prohibited substances in a single drop of urine. In this assay, anti-drug antibody competes for drug immobilized on the protein chip and drug present in the sample. Anti-drug antibody bound to the slide is then quantified by use of a Cy3-labeled second antibody (Fig. 1) , and the entire process can be completed in 2 h. This method is highly sensitive and reproducible, and for routine applications one technician can process hundreds of samples per day. 
Materials and Methods samples from athletes

antibodies and reagents
Twenty-three conjugated antigens and their corresponding antibodies were purchased from Fitzgerald Industries International, Inc. Six antibodies were produced by Aviva Antibody Corporation. Five drug-bovine serum albumin (BSA) conjugates were synthesized at the Key Laboratory of Bioorganic Chemistry and Molecular Engineering, Peking University, China. Cy3-labeled goat anti-mouse IgG (HϩL; 1.0 mg/vial; product code PA43002; absorbance maximum, 550 nm; emission maximum, 570 nm) was purchased from Amersham Pharmacia Biotech. The CDCC provided 129 standard drugs, including 50 anabolic steroids, 68 stimulants, and 11 narcotics. All test substances were chosen from the 2004 Prohibited List published by the World Anti-Doping Agency (10 ) . The antibodies used for the protein chip assays are summarized in Table 1 .
preparation of protein chip substrates
Glass slides chemically modified with aldehyde groups were used as the substrate to covalently bind BSAconjugated molecules at the designated locations. The slides were cleaned with 100 g/L chromic acid for 6 h, followed by rinsing with deionized water. Slides were then dipped into a 2 mol/L sodium hydroxide solution and then 4 mol/L hydrochloric acid, each for 30 min, followed by rinsing with deionized water and then drying under a stream of nitrogen. Cleaned slides were silanized for 8 h using 3-glycidoxypropyltrimethoxysilane in ethanol (40 mL/L). The glass surface was washed with toluene, acetone, and deionized water, after which the slides were dipped in 4 mol/L hydrochloric acid again for 30 min and then immersed into 50 mmol/L NaIO 4 for 1 h to complete the preparation process. The contact angles of the aldehyde-activated slides were measured by use of a contact angle system (Model OCA; DataPhysics Instruments GmbH) for quality-control purposes. Slides were stored in a desiccated box at room temperature for a maximum of 3 months.
printing of protein chips
Ten 9 ϫ 9 arrays of BSA-conjugated drugs were printed on each slide. For a peptide hormone, the peptide was printed directly. On each slide, one sample can be tested on one 9 ϫ 9 array for a variety of analytes, and up to 10 samples can be analyzed in parallel on one protein chip. A contact printing robot (PixSys 5500; Cartesian Technologies) with a stealth microspotting pin (Model SMP3; TeleChem International) was used to print the protein chips on the aldehyde-activated slides. The concentration each the printed protein (drug-BSA) was 500 mg/L in 400 mL/L glycerol or Protein Printing Buffer (TeleChem International). The drug-BSA conjugate was reacted on the protein chip for 6 h in a humidified chamber. The slide was then stored at room temperature for up to 1 month.
immunoassay procedure
A competitive immunoassay design was used to test the 16 WADA-prohibited substances on the protein chips. A molded polyester frame was attached to the substrate to partition 10 arrays on the protein chip surface ( Fig. 2A) . This protein chip consisted of 16 different drug-BSA conjugates and 11 positive or negative controls to form a 9 ϫ 9 array. Each material was printed in triplicate ( 
Results
prohibited substances detected on protein chips
An example of an image of the biochip obtained with a samples negative for amphetamine is shown in Fig. 3 . Examples for 14 additional drugs are provided in the Data Supplement that accompanies the online version of this article at http://www.clinchem.org/content/vol51/ issue2/. Each drug was arrayed in triplicate on the aldehyde-activated protein chip (boxed areas in Fig. 3 ). As expected, the three test spots for each drug bound the anti-drug antibody and then the bound Cy3-labeled second antibody to give a fluorescent signal. In each case, all of the mouse IgG control spots (upper and low rows of nine spots and the two central groups of three spots) were positive, as would be expected from reaction of the immobilized mouse IgG control with the goat anti-mouse conjugate used in the assay.
influence of different matrices on the fluorescence signal on protein chips
The potential effect on the fluorescent signal of different samples and solutions, such as urine, water, or PBS, was evaluated. We found that different solutions could dramatically affect the signals for certain tested substances. We have noticed a significant signal decrease for steroids when the solution was changed from PBS to urine. This may be attributable to the binding of some endogenous steroid interferents with the corresponding antibodies.
Most of the exogenous drugs have a comparable ratio of PBS to blank urine, commonly Ͻ1.50, but we noticed that certain analytes, such as amphetamine, generated an exceptionally high ratio of ϳ2.50 (Table 2) . We repeated the assay in a 96-well plate and found that all exogenous analytes containing amphetamine had a low PBS-to-blank urine ratio of 1.13-1.18. This suggests that some nondoping substances in human urine may have interfered with the interaction of amphetamine and its antibody.
detection limit and cutoff value
In principle, the fluorescent signal at the corresponding location is decreased when a tested substance is present in the sample because the drug in the sample competes with drug immobilized on the protein chip (BSA-drug) for the anti-drug antibody. Within the linear measurement range, PCP, phencyclidine; TCA, tricyclic antidepressants; hCG, human chorionic gonadotropin; LH, luteinizing hormone.
Clinical Chemistry
the decrease in fluorescent signal was proportional to the amount of drug in the sample. This method can therefore be used for both qualitative and quantitative determination of the presence of substances in a sample. A calibration curve for amphetamine measured with use of the biochip is shown in Fig. 4 . Calibration curves for nine additional prohibited substances are provided in the online Data Supplement. The detection limit is defined as the lowest concentration of an analyte that can be detected by the protein chip. This concentration corresponds to a signal that is 3 SD lower than the mean of the negative control and ranged from 0.2 g/L for morphine to 19 g/L for methadone. The detection limit and the cutoff values (the 50% inhibitory concentration) for the 10 drugs are summarized in Table 3 .
assay precision
In the precision studies, standard samples, including 200 blank urines confirmed by the doping-control-analysis method at CDCC, were repeatedly analyzed (n ϭ 300) by five technicians using different batches of protein chips. The between-batch CV for all analytes was 16%, and the within-batch CV was 13% (Table 4) .
qualitative analysis
In a typical screening procedure, we collected urines from 141 Chinese gymnastic athletes and selected morphine as a representative example drug for qualitative analysis. Fig. 5 shows representative protein chip assay results for eight specimens, including a negative specimen (Fig. 5A) , five specimens positive for morphine on (Fig. 5, B-F) , a specimen positive for dihydrocodeine (Fig. 5G) , and a specimen positive for pethidine (Fig. 5H) . The absence of a fluorescence signal at the boxed location indicated a positive result. We also detected cross-reactivity with the anti-morphine antibodies for samples containing dihydrocodeine and pethidine. The mean (SD) morphine signal was 0.429 (0.12), and the critical value (used in significance testing, which is the value that a test statistic must exceed for the null hypothesis to be rejected) was 0.232 (P Ͻ0.05), which is equivalent to 1.7 g/L morphine. The sample would be positive for morphine if the measured signal was below the critical value. All positive samples were confirmed by GC-MS at CDCC.
quantitative analysis
In addition to serving as a qualitative screening tool for large numbers of samples, the protein chip can also be used for quantitative analysis. Table 5 shows the results of six replicate tests for samples from four methamphetamine drug abusers detected by both the protein chip and a GC-MS method. The correlation coefficient (r 2 ) for the protein chip and GC-MS results was 0.991, indicating the comparability of the results obtained by these two methods for quantifying methamphetamine in urine.
Discussion
Protein chips can be applied to functional studies of proteins, can facilitate systematic studies of the function of thousands of proteins, and can provide an integrated understanding of biological systems (20 -22 ) . The design of diagnostic protein chips has focused on clinical applications (23, 24 ) . Ekins and Chu (25 ) suggested that quantitative immunoassays could be developed that use microspots of antibodies on nonporous solid supports, thereby enabling multianalyte assays, but it was only recently that such testing biochips have become a reality (26 -29 ) . A sophisticated clinical profiling system, the Evidence developed by Randox Laboratories Ltd., is the premier example of the commercial multianalyte-analysis protein chip system intended for routine clinical diagnostic applications.
The protein chip technology should be applicable to a wide range of substances, including stimulants, narcotics, anabolic agents, and peptide hormones. In principle, nearly all prohibited drugs can be tested by this technology. The limit at the moment is the availability of the corresponding antibodies and antigen conjugates. In this study, in addition to the available commercial anti-drug antibodies, we also synthesized and produced several drug-BSA conjugates and the corresponding antibodies. More antibodies will need to be produced to detect more prohibited substances.
We have developed a protein chip suitable for use in miniaturized immunoassays for doping control. This protein chip can be used to simultaneously analyze many prohibited drugs on a single array as well as to detect other suspicious drugs. For example, a sample from a female athlete that had been confirmed methamphetamine positive by CDCC tested positive on the protein chip, as expected. However, it also was positive for morphine and human chorionic gonadotropin. Later, this sample was retested by CDCC: The positive morphine result was confirmed by GC-MS, and the positive result for human chorionic gonadotropin was confirmed by a pregnancy test.
One of the major factors influencing the performance of protein chips is the development of an appropriate substrate for immobilization of printed proteins (30, 31 ) . In the present work, aldehyde-activated glass slides were found to be the most suitable substrate for protein immobilization. Experimentally, aldehyde-activated slides have some distinct advantages. They were more stable and demonstrated lower CVs for quantitative work. Additionally, proteins immobilized on aldehyde-activated slides were resistant to removal by PBS-100 mL/L Tween 20, acetonitrile, and trifluoroacetic acid during washing steps. This indicated that the aldehyde surface provides better immobilization. In addition, the molecules covalently attached to the aldehyde-activated slide surface retained their ability to interact with target proteins in solution.
Quality control is very important in a biochip immunoassay, and we have set up a series of measures to control the quality of the assay results. We first chose the glass slides from more than 10 available companies and then selected each slide for roughness, flatness, and thickness. We next measured the contact angle after chemical modification of the slides and chose only eligible slides (contact angle in range 60 -70 degrees) as substrates for printing protein chips. We then examined the protein chips by Cy5 fluorescence scanning to confirm that the mean CV of the printing was Ͻ10%. Finally, if the mean CV of the signal with mouse IgG (control spots) was Ͼ20% within a protein chip, the assay was then automatically considered to have failed. Although specific antibodies against dihydrocodeine and pethidine were not available for this study, samples positive for these two substances could also be detected because of the cross-reactivity of the morphine antibody used in the assay. Such cross-reactivity is well known in immunologic methods for opiates (32 ) and results from the chemical similarities of dihydrocodeine and pethidine to morphine. The presence of dihydrocodeine and pethidine in the samples was confirmed by ELISA.
Cross-reactivity may be a valuable asset for protein chips because it enables detection of more analytes with limited numbers of antibodies. Although the WADA list of prohibited substances extends to 140 different drugs, their chemical entities can be subgrouped, and some compounds within each group have similar core structures. Cautious screening of antibodies that recognize the core structure, optimization of the antigen immobilization ratio, and suitable data processing may allow the use of ϳ30 -50 antibodies to detect all of the prohibited substances on the list because our protein chip serves the purpose of an initial screen. Under such conditions, all questionable positive samples could be identified and a list of potential substances obtained. The suspicious samples would be confirmed by GC-MS analysis.
When a specific analytical method is not available for a new drug, the cross-reactivity may be a useful means for detection. For example, tetrahydrogestrinone (THG) is a new steroid that caused alarm in the sporting world when The definition of a screening procedure by WADA is "an analytical test procedure whose purpose is to identify those samples which are suspicious with respect to containing a prohibited substance or metabolite or marker of a prohibited method and which require additional confirmatory testing". The criteria for accepting a screening result and allowing the testing of the sample to proceed must be scientifically valid and should include negative and positive controls in addition to the samples being tested. Screening procedures for threshold substances are not required to meet quantitative or uncertainty requirements (33 ). Our preliminary results indicate that protein chips could be used to simultaneously screen for traces of up to 16 popular drugs in urine. With further optimization, the current protein chip system may evolve into an acceptable screening method to test for all of the substances prohibited by WADA in the coming Olympic Games in Beijing in 2008.
